To investigate the functions of RPA32 in multiple DNA Replication protein A (RPA), the nuclear ssDNA-bindrepair pathways, we determined the three-dimensional ing protein in eukaryotes, is essential to DNA replica-(3D) solution structure of the C-terminal region of human tion, recombination, and repair. We have shown that RPA32, RPA32 172-270 , both free and in complex with a a globular domain at the C terminus of subunit RPA32 sixteen amino acid peptide fragment (UNG2 73-88 ) encomcontains a specific surface that interacts in a similar passing the known RPA binding region of UNG2 (Otterlei manner with the DNA repair enzyme UNG2 and repair et al., 1999). The 3D structure of the complex served as factors XPA and RAD52, each of which functions in a a basis to identify the RPA32 binding sequences in XPA different repair pathway. NMR structures of the RPA32 and RAD52. High resolution NMR was used to demondomain, free and in complex with the minimal interacstrate that the interaction interfaces of UNG2, XPA, and tion domain of UNG2, were determined, defining a RAD52 with RPA32 are similar. Based on these results, common structural basis for linking RPA to the nucleowe propose a competition-based protein switch mechatide excision, base excision, and recombinational nism to assemble requisite proteins at sites of DNA pathways of repairing damaged DNA. Our findings damage. support a hand-off model for the assembly and coordination of different components of the DNA repair machinery.
this region may be a flexible linker to the ssDNA binding and third strands of the ␤ sheet of RPA32C and also the C-terminal end of helix H-III ( Figure 1A ). Fifty-five 1998). In contrast, the C-terminal residues 204-270, which we term RPA32C, adopt a compact globular ␣/␤ intermolecular NOEs were assigned unambiguously in a 3D
13
C-filtered,
12
C-edited NOE spectrum of this domain structure consisting of a right-handed threehelix bundle and a short three-stranded antiparallel ␤ complex. Ala81, Leu82, Leu85, and the aliphatic portions of sheet ( Figure 1B) . Unexpectedly, the entire ␣/␤ fold is indistinguishable from the so-called winged helix-loopLys78 and Arg84 from the peptide are splayed across a complementary surface of RPA32C comprising residues helix (wHTH) DNA-recognition module present in several proteins in the structural database (DALI) (Holm and Gly253, His254, Tyr256, Ser257, Thr258, Asp260, Thr267, and Asp268, all of which exhibit intermolecular NOEs Sander, 1993). The closest similarity is with the globular domain of histone H5 (Ramakrishnan et al., 1993), where with the peptide (Figure 2A ). For instance, the aromatic ring of Tyr256 occupies a central position at the surface best-fit superposition of 61 C ␣ atoms gives an atomic root-mean-square deviation (rmsd) of 1.9 Å . One noticeof the ␤ sheet and participates in van der Waals contacts with the aliphatic protons of Lys78. There is a significant able feature of RPA32C is that it binds other proteins through its ␤ sheet region (vide infra) whereas most DNA electrostatic component to the interaction ( Figure 1C ): five basic residues of the peptide, clustered at both ends binding wHTH proteins utilize the third ␣ helix for DNA recognition. There may be wHTH proteins that bind both of the central hydrophobic region, align well with two acidic patches on RPA32C's binding site. The spatial DNA and other proteins through a single domain. proximity of Arg73, Arg76, and Arg88 of UNG2 to the acidic patches created by Asp260, Asp261, and Asp262; UNG2 Associates with RPA32 via an Induced and Asp247, Glu252, Asp268, and Glu270 is illustrated ␣ Helix in Figure 2B . Also shown is the favorable orientation In the presence of UNG2 73-88 , the structure of RPA32 172 annealing. The starting orientations of the complex were generated Human RPA 172-270 and XPA 1-98 were cloned into the T7 polymerase by positioning the peptide and the protein 30 Å apart using NAB expression vector, pET15b (Novagen), and overexpressed in the E.
(Macke and Case, 1998). The two molecules were then docked by coli strain BL21(DE3) pLysS as a fusion to an N-terminal six-histidine restrained molecular dynamics for 20 ps, during which the intermotag. Both proteins were purified by a combination of nickel-chelate lecular restraints were ramped on from a force constant of 0 to 32 affinity chromatography and, after removal of the histidine tag by kcal mol Ϫ1 Å
Ϫ2
. nonglycine and nonproline residues were in the most favorable region of the Ramachandran plot, and 9.8% in additionally allowed regions. The final ensemble of structures of free RPA32 172-270 was of Overexpression and Purification of RPA32/14 RPA14 and RPA32 were coexpressed in M9 minimal medium consimilar quality and precision as the complex. taining 15 NH 4 Cl and purified as previously described (Bochkareva et al., 1998). The sample for NMR studies contained ‫4.0ف‬ mM RPA32/ Ligand Titrations 14, 10 mM sodium phosphate buffer (pH 7.5), 150 mM NaCl, 7.5
Ligand titrations presented in Figure 5A were performed by remM DTT, and 10 M ZnSO 4 .
cording a series of 2D 15 N-and 13 C-HSQC spectra on 0.25 mM 15 N/ 10% 13 C-isotope labeled RPA32 172-270 with increasing concentration of ligand ranging from 0 to 2 mM. All samples were prepared in 20 Synthesis of UNG2 73-88 , XPA 29-46 , and RAD52 257-274 mM sodium phosphate buffer, 50 mM NaCl, and 5 mM DTT. The All peptides were synthesized on a Gilson AMS 422 synthesizer titration spectra were recorded at 25ЊC and pH 7.0 for UNG2 73-88 , using Fmoc chemistry and purified by reversed-phase HPLC.
XPA 1-98 , and RAD52 257-274 . The pH was 7.5 for the titration with XPA 29-46 . NMR Spectroscopy All NMR spectra of RPA 172-270 and its complexes were recorded on
